Introduction
Conjugated polymers with highly extended π-electron system have been widely investigated for organic electronics since organic thin-film layers can be easily formed by solution process due to their high solubility in organic solvents. Controlling the alignment of polymer chains in films is significant to achieve improvements in properties, thus various alignment methods have been reported. In order to obtain aligned polymer films without any mechanical or thermal stress to organic materials, a novel film-forming method using capillary action of polymer solutions have been introduced. [1] However, effects of thermal annealing, which have been widely applied to organic devices for improvements of their properties, on aligned polymer films fabricated by the method have not been carried out.
In this study, we fabricated uniaxial aligned films of thiophene-based polymers by our method and measured their optical and electrical properties. We discuss the anisotropic characteristics and thermal annealing effects taking polymer alignment into account.
Experiments
Thiophene-based polymers, such as, poly(2,5-bis(3-alkylthiophen-2-yl) thieno[3,2-b]thiophene) (pBTTT) and poly(2,5-bis(3-alkylthiophen-2-yl) thieno [2,3-b] thiophene) (pBTCT) were used in this study. Molecular structures of pBTTT and pBTCT are shown in Fig. 1 .
Uniaxially aligned polymer films were fabricated using a structure shown in Fig. 2 , which is composed of a cylindrical glass fiber, spacers and substrates. Small amount of polymer solution was dropped into the gap between the fiber and substrate, then solution flew along the fiber by capillary action. The polymer film, which was preferentially aligned due to flow and vaporization of solution, was deposited on substrate.
Optical anisotropies of polymer films were measured by polarized absorption. Optic axis directions of polymer films were identified by phase compensation. Electrical anisotropies of polymer films were measured by fabricating field-effect transistors (FETs) employing the polymer films as channel layers and measuring their electrical characteristics. Bottom-contacted FETs were achieved by fabricating an aligned polymer film on SiO 2 /n-Si substrates with comb-shape-patterned Au electrodes. The solution flow directions were perpendicular or parallel to the channel direction of electrodes. The optical and electrical measurements were carried out before and after a thermal annealing. Figure 3 shows optical absorption spectra of the pBTTT and pBTCT films by using a linearly polarized light, which were polarized perpendicular () and parallel (//) to the solution flow direction.
Results
[2] Before thermal annealing dichroic ratios at peak absorption wavelength were 1.18 and 1.13 in the pBTTT and pBTCT film, respectively. From these results, the polymer chains considered to align preferentially parallel and perpendicular to the solution flow direction, respectively, since the dipole moment for optical transitions in the polymer is corresponding with the polymer chain direction. Moreover, both in the pBTTT and pBTCT film, the dichroic ratios increased to 1.56 and 1.17 after the thermal annealing, respectively. The improvements in optical anisotropy are considered as results of molecular reformation due to the thermal annealing. Figure 4 shows transfer and output characteristics of the pBTTT and pBTCT FETs, which were fabricated producing solution flow perpendicular () or parallel (//) to channel direction. In the pBTTT film, the field effect mobilities in each channel were 3.67×10 ·s -1 in perpendicular and parallel direction, respectively. It is considered that the anisotropic carrier mobilities in the pBTTT and pBTCT films are based on alignment of polymer chains. Moreover, the carrier mobilities increased by thermal annealing up to 1.4 to 3.7 times higher than those before annealing both in the pBTTT and pBTCT films, with maintaining electrical anisotropies.
Conclusions
We obtained aligned pBTTT and pBTCT films by using capillary action of polymer solution without any mechanical or thermal stress to the polymers, and demonstrated the effects of thermal annealing for improving optical and electrical properties of the aligned films. We also obtained difference of alignment direction between the pBTTT and pBTCT films, which was considered to be related with molecular structures. The results seem to be significant for improving alignment of polymer films and finding novel alignment system. 
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